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ABSTRACT

Experimental measurements of the solid state equation of state of aluminum

and Teflon, including the internal energy dependence, were made. The data

for aluminum mesh well with the data of other investigators. Using the

aluminum data, it was found that for initial aluminum densities of 1. 36, 1. 60,

and 1. 82 gms/cc, the thermal internal energy, Eth , is dependent only on the

product VPth where V is the specific volume and Pth is the thermal pressure.

The Grueneisen parameter was found to be given by 100/(39.9 + 0.284 VPth)

with VPd, in (cm 3 kilobars)/gm. At VPzh = 0, the Grueneisen parameter = 2. 5.

The solid Hugoniot for Teflon was found to mcsh well with lower pressure

measurements by other investigators. The scatter in the porous Teflon samples

was too large and the data were too limited to permit evaluation of the

Grueneisen parameter.
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INTRODUCTION

1. Background

Recent advances in nuclear weapon technology have increased the irapor-

taice of the internal energy dependence of the solid-state equation of state in

vulnerability analyses and it has therefore become necessary to determine

this dependence much more exactly than has been necessary in the past. Ac-

cordingly, AFWL :has sponsored two concurrent programs, one at the Stanford

Research Institute (SRI) and the other at the Avco Research and Advanced

Development Division (Avco RAD), for determination of the internal energy

dependence of the solid-state equation of state of selected materials. This

report presents the results obtained with Teflon and aluminum at Avco RAD

using a technique first developed by Krupnikov (reference 1) and Kormor

(reference 2) and other Russian workers. Briefly, the technique involves

Hugoniot measurements in materials by impacting porous and solid specimens

of the material with a hypervelocity projectile. The internal energy in the

shock-compressed material is varied over a wide range by using open-celled

porous samples of variable density (a.s well as the solid material) as the

target. The basic theory of the technique is explained in more detail in

Section III and the experimental apparatus is described in Section IV. The

results for aluminum and Teflonare presented in Section V and discussed in

Section VI.

2. Form of Solid-State Equation of State

At pressures considerably greater than the yield strength of the material,

which is the region of interest in this work, the stresses in the shock-com-

pressed material should be isotropic, that is, the same in all directions.

Assuming that thermal equilibrium exists in the shock-compressed material,

the usual thermodynamic functions can be applied to the solid mate-rial at high
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piz ures, namely:

11 = Compressive stress in material under conditions where the stresses

are isotropic, that is, the same in all directions (dyne/cr 2 ).

V = Specific volume (cm 3 /grn)

E Specific internal energy (ergs/gm)

0 = Temperature (*K).

Only three of these properties are required to characterize the state of

material; for example, E and 0 are related as follows:

CV (V, /) =vId) ()
Cv (v O) a 0 0 v

where Cv(v, o) is the heat capa.-ity of the material at constant volume ergs/

(gm-°K). In this report, P, V, and E are used as the variables.

An important parameter in the equation of state of solid materials is the

Grueneisen parameter defined as:

r,0P (V,E) V,8 (2)r(V,E) = V ( E VI - - (2)
/ y CVko

where

f(V, E) = Grueneisen parameter asa function of specific volume and

specific internal energy (dimensionless)

P(V, E) = Pressure as a. function of volume and nLernal energy (dyne/cm2 ).

P 36) = Volumetric coefficient of thermal expansion 1°K-l)

k0g = -Isothermal bulk compressibility (cmZ/dyne).

On a microscopic scale, the internal energy of a material and the pressure

corresponding to that energy can be split into two separate contributions, the

2



potential internal energy and potential pressure due to changes in spacing of

the atc'-ns in their lattice and the thermal internal energy and the thermal

pressure due to vibrations of the atoms in their lattice. The zero degree (0 K)

Po - V0 - Eo isotherm represents the potential contribution only since no

thermal contribution is present at 0°K. The thermal components of internal

energy and pressure can thus be written as:

Eth(V Pth ) = E (V,P) - Eo (V) (3)

Pth (V, Eth) = P (V,E) - Po (V) (4)

where

F th = Thermal component of internal energy, ergs/gm

EO (V) = Specific internal energy at volume V and a temperature of OK,
ergs/gm

Pth = Thermal component of pressure, dynes/cm 2

P0 (V) = Pressure at a volume V and temperature of W-K.

With these definitions, equation (2) can also be written as:

ta Pth (V, Eth) (5)
(V, E) - r(V. Eth) V aEth ,V

This expression can be Jntegrated at constant volume to give the following

expression for the pressurt:

P(V, E) - PO (V) ,E (V,P) - Eo (V)

d F (V, Eth) d Eth (6)f th (V, Eth) = V f

0 0

or

E(V, P)- Eo (V)

P (V, E) = Po (V) - -V J r(V. Eh) d Eth(

3



For calculational purposes, Po (v) can be represented as a polynominal

expansion in volume so that the equation-of-state, using a cubic expansion

for Po (v), appears as follows: E(V,P)-E 0 (

P(V, E) = PO + C1 + DU 2 + S'U3  Po(l-t/P) f (V, Eth)dEth (8)

where 0

P = (p/po)-1
13

- = Density omaterialatzeroKand PoS theambientpressure. gm/cm

C, D, and S = Empirically determined constants (dyne/cm).

Assuming Fl( V,E) is known as a function of V and Eth , and the zero °K isotherm

is known, this relation permits calculation of the pressure in the solid corres-

ponding to a given volume, V, and given total internal energy E. It was the

purpose of this project to determine the solid-state equation of state including

internal energy dependence for Teflon and aluminum.
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SECTION II

SUMMARY

Experimental measurements of the solid state equation of state of aluminum

and Teflon, including the internal energy dependence, were made. The ex-

perimental technique involved planar impact of a high velocity flat-faced

projectile onto solid and porous targets of each material. The use of measure-

ments on porous samples with varying porosities as well as on the solid

material is a convenient method of varying the internal energy in the compressed

material at a given pressure over a wide range and thus determining the

internal energy dependence of the equation of state. For each impact, the

projectile velocity and shock velocity in the target were measured from which

the pressure, volume, and internal energy in the shock-compressed material

can be calculated using the Rankine-Hugoniot relations.

The projectiles were accelerated by means of a powder gun for low velo-

cities (I to 2 km/sec) and by a light gas gun for high velocities (>2 km/sec).

The projectile velocity range covered in the present work was from approyxi-

mately I up to 3 '-km/sec. The target was held about 1/2 inch in front of the gun

barrel end inside a vacuum chamber to eliminate air cushion effects. The

projectile and shock velocities were measured using a laser-photomultiplier

arrangement. For the projectile velocity measurements, the laser beam was

swept past two slits on a photomultiplier by reflection from the projectile face,

thus establishing the time required to travel a predetermined distance. The

moment of impact was also measured by monito:ing the impact flash on the

photomuliplier, providing a second projectile velocity measurement. For the

shock velocity measurement, a second laser beam was reflected from the

rear surfare of the target onto the edge of a slit in a second photomultiplier

so that very slight movement of the surface swept the beam past the slit. The

measured impact time and time of shock arrival together with the target thick-

ness thus provided the shock velocity. To check planarity of impact, two

orthcgonal Kerr cell shadowgraphs were taken just prior to impact.
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Measurements for aluminum were made at Avco RAD on the solid material

and on porous materials with porosities of m = 1. 50 and 2.02 (m = normal solid

density divided by the bulk density of the porous material). The range of

pressures covered was 127 to 263 kilobars for solid aluminum, 65 to 173 kilo-

bars for a porosity of 1. 50, and 47 to 129 kilobars for a porosity of 2.02; a

total of 18 data points were obtained. The data were plotted on a pressure

versus volume plot and on an internal energy versus pressure plot along with the

higher pressure data of SRI which inciuded data at porosities of . 40, 1-7n d 10.

The two sets of data meshed very well and appeared to be consistent; the solid

Hugoniot data meshed well with Soviet measurements. Using the zero degree

Pc,- Vo- Eo isotherm, the pressure and internal energy due to thermal vibrations

alone were computed for porosities of !. 50, 1. 70 and 2. 02. For these poros-

ities it was found that the thermal internal energy, E., , was a function of

VPth alone and could be represented by the equation:

rth = 39.9 (VPth) + 0.142 (VPdt) 2  (9)
jouls/gmcm 3 kIlobar.

where Et. is in joules/gm and VPth is in From this relation,gm

the Grueneisen parameter is given by:

r /a tb \100r -- v,, -(0
V E / 39-9 + 0.284 VPth

It is apparent that the Grueneisen parameter is thus a function of the thermal

internal energy, E. , alone. For VPth = zero, F= 2. 5.

Data obtained by SRI at a porosity of 1.40 did not agree with equation (10),

and this suggests the need for additional data on aluminum at this porosity.

Measurements for Teflon .-were made on the solid material and on porous

material with porosities of 1. 42 and 2. 23. The range of pressures covered

was 67 to 198 kilobars for the solid material, 58 to 132 kilobars for a porosity

of 1.42, and 34 to 90 kilobars for a porosity of 2.23; a total of 16 data points

were obtained. For the solid material, the data were compared with previous

measurements by other investigators at lower pressures. The previous data

6



meshed well with the Avco RAD data so that a smooth curve representing the

solid-state Hugonior could be drawn through all the data. The scatter of the

data for the porous samples was very large, particularly for the most porous

material (m = 2.23). As a result, more data must be obtained before any

definite conclusions regarding the internal energy dependence of the equation

of state of Teflon can be made.

7



SECTION 1II

THEORY

1. Theoretical Basis of Method

Measurement of the Grueneisen constant is essentially a measurement of

the P-V- E relationship of the material from which the Gruteneisen constant can

be calculated over the range of conditions covered in the experiment. Meas-

urements of the P-v relationship of the shock-compressed material behind a

shock front can be made using techniques which have been developed i the

extensive experimentation of this type performed on solid materials (reference

3). The additional feature in this work is the use of sL-lar nr -asurements on

foamed samples with different porosities (as well as on the solid material) .s

a convenient method of varying the internal energy of the compressed material

behind the shock front over a wide range.

0S L A
N , \a

V

Figure 1. Sketi, .f Hugoniot for Solid afd Foamed Materials ( P" = P, )
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r - - -- =L'T ,

Consider the sketch of figure I representing the Hugoniot equation of state

where v. = I/, ° is the specific volume of the nonporous material at zero

pressure (p. = 0) and the reference temperature To . The Rankne-Hu-oniot

relations show that the internal energy in the shocked state at B relative to

the internal energy at P=0 and V=V o is:

E = 12 pB(1 I)

= PH O - VB)

This energy is thus represented by the area umder the triangln ABC in the

sketch.

Suppose now that ,a foamed sample of the same material with a vo2', me

mvo (with crushing strength <<pB) where m = p /p and p is the bulk

density of the foam. "Lhe internal energy in the shocked material in this case

is:

B
E = 112 H (mV o - VE) (12)

where VE represents the volume corresponding to the pressure PO for a samnle

with the initial porosity m. If V in the compressed material were at VB, it is

obvious that the internal energy, represented in this cabe by the area DBC,

would be much greater than that obtained when the material is shocked to pB

starting from the normal, nonporous state. The volume for a sample shocked

from the foamed state will thus be greater than that when shocked from the

nonporous state due to the Ia: ger thermal energy in the shocked material and,

for a porosity m, the Hugoniot will follow the dotted curve AE. The internal

energy in the material shocked from the porous state to PB is thus:

E - /2 PB (M V - VE) (13)

~H 0m4  E

or the area of the triangle DEF. The larger the porosity (or m), the greater

will be the internal energy relative to the state shocked from the solid, non-

porous state.

To give a better idea of the variation in the Hugoniot equation of state

which can be attained in this ,manner, it is useful to consider the idealized

9



case where the Gruneisen parameter is constant. The Hugoniot equation of

state can be written as follows:

PH(V) Po(V) + pFOE (14)

E = PH(mVo - V) (15)2

Substitution of equation (15) into (14) gives:
Po(V)

PH(V) =- (16)
Fo -

I - 2 (I--

S-Aution of this equation for V gives:

V = _______o ______ (7V = V 0 PH(V) [ r o  + 2] Po(V)

Now, from this last equation, when V = V. (where Po (V) = zero), PH(V) cancels

out of the equation giving:

V = mV r (18)

Thus, the condition for V = Vo for any Hugoniot pressure PH is:

1o 2 (19)
1 =m -orinl- -.

ro + 2 F.

2
In other words, compression of a foam with porosity m = 1 + -- to any pressure

I o

results in a volume V in the compressed state irrespective of the pressure

obtained in the compressed state, and the Hugoniot equation of state for this

condition is just a vertical straight line from Vo on a P-Vplot.

Now, define this value of m as h, that is,

2 2 (20)
h = 1 + - o r 1 o  -

0 1 h-I

10



Sub-stitution in equation (17) gives:

V = mn o[l -- ---- (21)

PH (V) - 2 Po (V)

The limiting value of V as PH can be derived from this equation:

Lim V = Lim m _ j (22)
PP0 2h) 2 PO()

L( _ - PH (V) _

m
- Vh

Thus, for a given porosity foam, the limiting volume obtained after com-
m

pression to infinite pressure is -- v..

The properties derived above for a constant Grueneisen parameter are

illustrated qualitatively in figure 2. It will be noticed that for any pressure:

m< h V < Vo  (23)

m = h V = V

m > h V > Vo

For a variable Grueneisen parameter, the curve will be similar to the dotted

curve of figure 2, sketched for the case where m > h at low pressures. The

limiting volumes at infinite pressure are also illustrated.

The uce of '-ugoniot measurements on foamed samples of a material at

several porosities is thus a convenient method of determining the P - V - E

relationship over a iarge range of internal energies which cannot be obtained

in any other way.

11
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2. Ouantitative Relatinnshir, for Greneise-n P rim-t# ,easrern,-t

a. Equations for Measurement of P-V-E Relationship

Consider the following sketch of the one-dimensional propagation of

a shock wave through a foamed or solid material with the reference axis

at rest with respect to the shock front:

Density = p Density = j or po
U'-u"

Pressure = P U' Pressure = PO

Specific Internal Energy E Specific Internal Energy E,

Shock

Front

For a foamed material, the bulk density of the uncompressed foam is

p. ; for compression of a solid material, the density of the uncompressed

material is identical with p , the normal density of the matcrial at a

pressare P " U' represents the shock velocity relative to the material

ahead of the shock front, and u' represents the material velocity in the

shocked region with respect to a fixed coordinate system.

If the following assumptions are valid, then the Rankine-Hugoniot

relations, including the energy conservation equation, apply to shock

compression of the foamed and solid materials:

(1) The specific internal energy(ergs/grr.of the material at zero

pressitre is the same in the foan as in the solid material.

(Z) The compressive strength of the foam is negligible; that is,

a very small stress collapses the foam to its normal density.

(3) The shock front must be narrow enough so that the compression

is essentially instantaneous, or, if the shock front ioes have a finite

thickness, the wave must be time invariant, that is, the shock pres-

sure and shape must not change as it propagates through the material.

13



(4) The high stress states immediately behind the steep stress

profile are hydrostatic.

(5) The states immediately behind the steep stress profile are i.-I

thermodynamic equilibrium.

The first assumption should be an excellent one for all solid ma-

terials. The second assumption can be met by constructing foams

which collapse easily to the solid state at normal density, by per-

forming the tests on open-cell foams which are impacted in a vacuum

to eliminate the effect of trapped gases, and by performing measure-

ments at shock pressures which are much greater than the crushing

strength of the foam. The third condition is met (1) by experimentally

ensuring that a rarefaction wave does riot affect the shock during the

measurement, thus ensuring a time-invariant shock front, and (2) by

making the target macro-structure small to prevent appreciable spread-

ing of the shock front. Condition (4) is fulfilled, provided the pressure

is above the limit where the shear rigidity of the material contributes

to the stresses and providing the material is homogeneous and isotropic.

The fifth condition has been studied by Poczatek (reference 4) and Zener

(reference 5) with the conclusion that the time required to achieve

thermal equilibrium behind a shock front is on the order of 10-12

second for most materials.

Thus, it is seen that the necessary conditions are all fulfilled and

that the Rankine-Hugoniot relations apply to the case of shock com-

pression of foamed materials as well as solid materials. These

relations, taking P. and Eo to be zero, are:

Continuity: p ( U'-u') = P. U" (24a)

Force balance: P + p(U'- u = p. (U') 2  (24b)

Energy 1,alance: E - P/p + 1/2 (U' - u') 2 = 1/2 (U') 2  (24c)
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The required equations and measurements ;or experimental deter-

mination of the P-v-F relationship of a material will now be derived by

extending the work of Bade (reference 6) for compression of solid na-

terials by plate impact to the case of compression of foams. Consider

the following sketch illustrating the impact of the hypervelocity pro-

jectile on a target made of the sample material.

- s o w p "[

PSWO?-?

Fso" mm

/

The impact creates a pair of shock waves, one advancing into the

targets the other traveling back into the flyer plate. The shock motion

will be one-dimensional in those regions where rarefactions from the

sides of the sample have not occurred. The equations to be used are

based on one-dimensional propagation of the shock waves.

Let:

Uf = velocity of projectile just before impact (km/sec)

UlIt = velocity of target shock with respect to the undisturbed

target material (km/sec) = U'

u t = velocity of shocked target material with respect to the

target shock (km/sec) = u" - u

Uif = velocity of projectile shock with respect to the undis-

turbed projectile material (kin/sec)

15



Usf = velocity of shocked projectile material with respect to the

projec.i.- shock (km/sec)

Thus, for the target, which can initially be either a foamed or solid

material, equations (24) can be converted to the form:

m( l+pt)Ust = Ult (25a)

t + Pot (1+)U Pot Ult Z5b)m

Pt I 2 IEt. + u -- Ut 5c
Pot (I +pt) 2 St 2 ujt (25c)

For the projectile which will not be foamed:

(1-Ff) Usf = Ulf (26a)

Pf + Pof (I+uf) Uf Pof U 2 (Z6b)

Boundary conditions at the contact surface between the projectile and

target are continuity of pressure and velocity:

Pt = Pf (2 7a

U (27b)

Lit Ust = Usf - Uf-f (27b)

It 'will now be assumed that the Hugoniot equation of state of the pro-

jectile is known and will be used as a known input into the experiment.

Th familiar form of the Hugoniot equation of state is,

Pf = Af ;2 _ FW3 (z8)

Equations (Z5a) through (28) represent eight equations with the 10 un-

knowns as follows:

Ft Ust Ult Pt Et

1Lf Usf Ulf Pf Uf

16



Known quantities are:

M PO, Pof A B F

Thus, two quantities must be determined experimentally to provide a

closed solution for all of the unknowns. A convenient pair of variables

to measure experimentally are the projectile velocity at impact tif and

the shock velocity in the target uh * The equations will now be solved

assuming Uf and Ut ar-e known from experimental measurements.

Let:

Vt ": Pf = P (29a)

P = Apfhf(pi),

wthere

B F 2
h;(p) I A p 4 A p f (29b)

Now eliminating P from (Z5b) and (26b).

P 2 U2 (30a)
ot = -pof(1 +p P) Usf Pof Uif

Substituting (9b) into (26b),

Pof Ul- = Afhf( (30b)

Equations (Z5a) and (26a) can be used to eliminate ust and Usf from

equations (27b), (30a), and (?9b):

= k ~ iip)-* (jf~ (31a)
uf = Ult I +-Z U 1if 

I

M l f
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1 .2 m<l!L) Iof 22 1. 3ilf]

L.

- A U l+tf)hf(gf) (31c)

Elimination of ulf from equation (31a) and (31b) by (31c) gives:

14 Uj l) + A P ff (3 Za)

I | 1
--m go ~ L' o,+ Apf hfI ( ' ) (32b)

Elimination of - t from equation (32a) by (3Zb) gives:

M FA hf (uq)
Uf Ajf h (pjf) + pf (33a)Uf=Pot Ult Pof ( I + P~f)

With Uf and ult known, solution for if can be made by a trial and error

procedure from equation (33a). Once p, is known, the other quantities

characterizing the motion of the two shock waves produced by the plate

impact can be explicitly calculated. Specifically:

A(I + f) hf ()
Uf =of (33b)

=t PC 2 (33c)

pot Ul 18
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Ult

m(i -t) (33d)

Ulf
Usf = (33e)

P = o~ [ U12 - u (33f)

= Af hf (f)

E 2 Ult - Ust -

2 J Pot (1 JU

2 pot I lit/

Measurement of Uf and UIt thus permits determination of the desired

quantities, namely P, pt . and Et .

It should be noted that the above relations become much simpler if

the target and projectile are the same material and the target is nonporous.

In this case, the relations for determining the pressure and compression

from the measured projectile and shock velocities become:

P ! (33h"2Po Ult U f

(f I
S- (33i )2 u! Uf
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In the experiment perfornmed, 1100 aluminum was used as the projectile

material. and its Hugoniot equation of state was determined experimen-

tally.
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SECTION IV

DESCRIPTION OF EXPERIMENT

1. Method of Generating One-Dimensional Shock Waves in Solids

In order to generate a one-dimensional shock wave in the solid target,

fiat-faced cylindrical projectiles were launched against flat-faced cylrdrical

discs, using both a solid propeilant gun and a light pas oun. The region of

application f-ir each launching device is a function of the efflux velocit.% of

the gas, i. e., the transient centered expansion velocity into a vacuum of

the gas acting on the base of the projectile. The efflux velocity of a gas is an

inverse function of the molecular weight of the gas, and typically for nitro-

cellulose powders (molecular weight about Z5 gins/mole) the practical lin-it

of efflax velocity, has been observed to be in the neighborhood of 3. 00 kin/sec

(reference 8). On the other hand, using either hydrogen or helium (molecular

weights 2 and 4 respectively), the practical limit of efflux velocity is in the

neighb rhood of 9. 00 krnfsec (reference 8). Thus for impact velocities up

to 2. 5 kn!sec. the solid propellant gun was used, and for velocities above

this value, the light gas gun using hydrogen was utilized as the launching

device. This section wrill descrioe in detail both guns used in the study,

along with a description of the method used to generate projectile and target

design requirements, namely the r-inimum projectile and maximum target

thickness such that no rarefactions influence the process.

a. Solid Propellant Gun for the Lower Velocities

The solid propellant gun, commonly referred to as a powder gun,

utilizes a high explosive powder which is converted to a high pressure

gas in a combustion chamber. The gas is constrained to the chamber

volume by a shear disc which is an integal part of the projectile to be

launched. When the pressure reaches she shear-disc rapture pressure,

-h ... I. au c Fig-r - en- _ _ ... tictho projectile is accelerated down a ,aunch tubc. -re a Ch



POWDER CHAMBER

Figure 3. Solid Propellent Giin Used on Grueneisen Parameter Study
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of the powder gun. Two sizes of bores x cre used for the low velocity

firings. The breech and pump tube sections of the 0. 060 ca!iber li.ht

gas gun were uzed as the combustion chamber and launch tube of a

I l/ inch diameter powder gun. The launch tube was 85 inches long.

Utilizing a powder charge of i85 gins of powder, a rnaximun velocity
G.

of about 1. 68 km/sec was achieved. By modifying the combustion

chamlber, and utilizing a 0. 060 caliber launch tube (diameter 0. 590

inch), the 1 1/2 inch powder gun was converted to a 0. 060 caliber

powder gun which proved capable of launching projectiles to about

2. 29 km/ sec. The length of the launch tube was 6 ft.

b. Light Gas Gun fo- High Velocities

The light gas gun is a two-stage gun utilizing a solid propellant to

launch a piston, which in turn compresses a light gas such as hydrogen

or helium to a high pressure and temperaiture. The projectile is

separated from the high pressure reservoir by a shear disc, which

eventually ruptures, allowing the gas to accelerate the projectile to

high velocities. Figure 4 is a schematic of the gun used in this experi-

nient.

There has been a good deal of work (references S and 9) dorie on

analyzing the interior ballistics of light gas guns, and the subject will

not be discussed here. For most of the firings made in this programs

the gas used was hydrogen with helium used later in the program; the

initial gas pressure was varied between 300 to 500 psi. The piston

was a three-piece cylinder having a total mass of 660 gins, consisting

of polyethelyne, steel, and polyethelyne in that order, as the three

elements of the piston. The piston was accelerated tc subsonic velocities

such that the gas compression can be considered to be adiabatic. The

shear disc used was an integral part of the projectile and this will be

discussed more f-dly later in the report.
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c. Target D,. sion

In order to insure that the measurement is made on a one-dimensional

shock, i. e., one that is not influen,.ed by rarefactions from the sides of

the target or rear face of the flyer plate, it is necessary to deternine the

maximum permissible thickness of the target sampl . The maximum

sample thickneess which can be used caa be approximately evaluated as

follows: Ccnsider the following sketch

d

U, 2

At impact a shock is generated and propagates with a velocity ult

From C1 and C2, a rarefaction wave propagates spherically; at a later

time, the shock cross section will be as follows:

d/2 d/2

/REGION UNAFFECTED BY
/ RAREFACTION WAVE

T ,FROM SIDE.

- j ., SHOCK Fi-,tiT

REGION OF SHOCK FRONT tKArFE"CTED
BY PAREFACTION WAVE AND ACROSS
WHICH IEASURMENTS ARE PERMISSIBLE.
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Who, thf ra ri ftiinn hns p,-opagatd a distanc - f .

the entire shock front will have been affected by the rarefaction. In

using the rarefaction wave velocity to determine the time required for

the rarefaction to reach the center of the sample, correction must be

made for the particle velocity. The material originally at C, and C,

will move a distance u': where r is the time required for the rarefaction

to reach the center of the shock front and u' is the particle velocity be-

hind the shock. Thus, with the condition that the rarefaction reaches

*he center of the shock front just when the shock reaches the rear of

the sample, the following relations apply:

Ct

T
r\

r"< € - " 2  (di2)2  (34a)

Co. (3 4b)

(34c)
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Substitution gives:

u t  Vu htl

Solution of T gives:

d 1d1T <
2j C 2  , 2 2U, - cot " o l

Ot Ot

2 I
Ult ul U t

Using the relations of section I. 2, values of u' and Ult can be calcu-

lated for a given impact velocity. The sound speed b ehind the shock

front Cot can be predicted from the equation of state using the relation:

C P (37)%' 1\ap /s

where the s-atscript S represents partial differentiation at constant

entropy.

A ssuming a constant Grueneisen parameter, the following expre s sion

can be derived for the sound velocity in the shock compressed material.

t2 ( t_ - f[ 9 ( - " Lt) g',IIL) - (F + Pt (38a)Cot = Pot 1,- t )  'It 0

-vhe re L
D N 2g(t =!+ - t' - PC(3b
C C (38c)

g (Yd = 8 ~
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Calculations of the ratio T d were made using aluminum 2024 as the

projectile material with the values for the constants presented in table I.

The data which will be presented later, show good agreement of the i 00

aluminum data with the 2024, which substantiates the use of 2024 in the

calculations. To account for uncertainties in the calculated sound speed

in the compressed region due to effects such as elastic wave propaga-

tion in the compressed material the velocities calculated using equation

(38) were increased by a factor of 25 percent to insure a reasonable

safety margin in the design thickness, The results of the calculations

plotted as a function of impact veloci:y are shown in figures 5 through

i0.

Table I

EQUATION OF STATE CONST ANTS

1. Aluminum Projectile Hugoniot Curvefit 3

2 Fy3Pf = Apf + BhIf .4 f

P0 = 2. 785 gm/cm3 , A = 765 kb, B = 1659 kb, F = 428 kb

Z. Targets 1 4

C-rueneis en

Material ot m/ c CE St Constant

Aluminum 2.785 765 829 -1500 2. 17

Teflon Z. 16 80.4 104.9 37.0 0. 75

'2. ProjectilL Design

Three requirements must be fulfilled in the design of a projectile to

be used in shock wave measurements using guns as the accelerator. The

first condition is that the thickness of the driver material be at least equal

to or greater than the minimum thickness required to insure that no rart-

28
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faction wave emanating from the back face of the proJectile reache- the

shock front in the target before the shock wave neasurement is ,t

The second condition is a consequence of the method being used in thi.-

study, that is, to prevent the accelerating gas from leaking around and

ahead of the projeccile during the launch phase. This is commonly

referred to as "blowby gas, " and the elimination or reduction of this

gas to a reasonable level is essential so as not to disturb the target either

prior to or during the time the measurement is made. The third con-

dition is that the projectile be of sufficient length so that the impact

between projectile and target take place while part of the projectile is

in the launch tube, insuring a planar impact.

The first condition arises because one is interested in launching

projectiles to high velocities and therefore, it follows that one must

consider ways of minimizing the projectile mass. Thus one is interested

in +he minimum driver thickness that one can work with. Bade (reference

6) has developed relations for predicting the minimum thickness required

to insure no rarefaction. Consider the following model. At time t = 0,

a projectile -;-ith thickness Lf and velocity Uf comes into contact with a

semi-Infinite target body. The motion is assumed to be one-dimensional.

The impact creates a pair of shock waves, one advancing into the target,

the other travei- ng back into the flyer plate. The sh:c:k in the flyer

plate is reflected from the free surface as a rarefaction wave which

traverses the flyer platepasses through the contact surface into the

target and eventually overtakes the shock in the target. Figure 11 shows

the x-r diagram for this sequence of events.

The relations for calculating all shock parameters in both the target and

projectile are given in Section 111. 2. Th ' 'e1d velocity in the com-

pressed material behind the shock fron" can be deter-.ined from

equat'on (36) for both the target and pro.ectile using these calculated
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shock parameters. Following Bade (reference 6) then, the t;nle for the

shock in the flyer plate to reach the free surface, iS:

t - {39 )
U l f

where Ulf is the velocity of the shock relative to the undisturbed ma-

terial. The time for the rarefaction from the i. surface to reach the

contact surface is:

Lf (00)ti - to -= I~f ~
(I1 + 1f) Cof

since the thickness of the flyer plate after shock compression is

Lf ( I + pf ). Let It be the time interval between crossing of the contact

surface by the rarefaction and overtaking of the shock in the tzrgtt by

the rarefaction. The thickness of the shocked layer in the target at

the time of overtaking is then:

x o  Ult (tI + At)

M (l-Pt) m(I + t)

Hence,

Ut(t 1  ,- At)
Cot At = t

tM (1 + 't) (42)

so that

Ult rl (43)

i - t UltM C ot 1 t
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The rArin nv thes~ I --- ' .~ - 4..~vvzz", ' -VIL Lar.11g u;ccur!s to tne

initial flyer plate thickness Lf is then from equations (40). (41 ), and

(43):

SI

X 0 uh t I + + tf) cot

=f ! 1 (44)

ut M ( - P) Cot

Calculations have been made of the ratio x iLf , using equation (38)
of

for C0 , with the calculated sound speeds increased by 25 percent for a

safety factor. Plots of the ratio x° /Lf as a function of flyer projectile

velocity Uf are also presented in figure 5 through 10.

Thus given a bore diameter, one can specify the maximum target

t-hick -ess and minimum projectile thickness as a function of irmpact

velocity from figures 5 to 10 for an aluminum projectile impacting on

aluminum and Teflon respfectively.

It was planned to experimentally verify the above calculations by

firing a projectile of a given thickness into targets of varying thicknesses,

at a constant velocity. The pattern of the shock velocity as a function

of target thickness would then be an indication of the target thickness at

which rarefactions would influence the phenomena. Since rarefactions

would have the affect of lowering the pressure at the shock front, and

thus decreasing the shock velocity, a plot of shock velocity versus

target thickness would show a constant slock velocity with increasing

target thickness in the region where no rarefactions were present, and

then the shock velocity would decrease w&ith increasing target thickness

where rarefactions influenced the process. The same experiment

could be carried out to verify the projectile thickness calcuiations by

varying the projectile thickness and keeping the target thickness and

impact velocity constant. A plot of the shock velocity as a function of

projectile thickness would revea' the mirimurn allowable projectile

thickness.
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Unfortunately, time did no. per... '........ .

the effect of target and projectiie thickncses since a Iarge number ,.

shots would be required to determine thest effects -u.tist-caily even f,,r

one velocity and porosity. However, as previously -nentioned, the

velocities calculated by equation (38) were increased by 25 percent in

all ca. es to insure that unforeseen effects such as elasti- wave propaga-

tion in the shock compressed material would not affect the measurenent.

The ratio of elastic to plastic wave velocity should be ies: than 1. 25.

Furthermore, in most cases, the target thickness was considerably less

and projectile thickness considerably greater than the thickness limits based

on the preceding calculations. The actual projectile designs used in the

studies will be discussed in Section IV. 4.

2. Technique of Measurement

To determine the characteristics required to specify the solid equation -f

state, namely the pressure, compressibility and the specific internal energ,- uf

a material after shock compression, 2 of the 10 parameters discussed in

Section II. 2 must be measured. This assumes that the driver Hugoniot

equation of state is known. If the driver Hugoniot is unknown it can be

determined by using the unknown material as both the projectile and the target

material , for this study, the flyer plate or 7.rojectite velocity Uf and the

shock velocity in the target uIt were the t-wto parameters measured and the

Hagoniot of the 1100 aluminum used as the flyer plate was experimentally

determined.

In shock wave measurements, it is customary to strive for accuracies cf

L 1 percent or better. Because the projectile velocity would have to be

measured over short distances (on the order of 0. 125 to 0. 250 inch) and

times (about 1 p sec), a low inertia, high frequency and high resolution sys-

tem was required. An optical technique employing a laser as a source mainly

for its monochromaticity and power density, and a photoi.ultiplier tube as

optical sensor was developed to make the measurements.
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The advantages of using ballistic guns together with optical techniques

employing a monochromatic source and photomultipliers have several

distinct advantages over other techniques in shock wave measurements.

Nan ely,

a. Planarity of impact can be easily controlled by a combination of

careful machining of projectile and launch tube and proper alignment of

target and projectile. By causing the impact to occur while the pro-

jectile is still partially in the launch tube, the projectile is constrained

to impact planar.

b. The use of a monochromatic light source such as a laser allows the

use of narrow band interference filters, which allows the shock time of

arrival to be measured with out interference from the impact flash.

c. Photomultipliers have extremely fast rise times, on the order of

5 nanoseconds, and can draw large currents operating in a dark-to-light

mode.

A simplified schematic of the system is shown in figure 1Z. The laser

beam is passed through a beam splitter which separates the beam into two

beams, one of which is directed on the projectile face, the other on the

target rear face. These beams are focused by a long focal length lens, so

that small movements of the surfaces will riot result in appreciable defocusing

of the spots. Since the laser beams are well collinated. the size of the spots

of light on the surface is small (approximately 0. 005-inch diameter). Upon

reflection from the surfaces, the spots are refocused by means of a wide

aperture lens an to slit planes. As the projectile travels toward the target,

it intersects the front beam and reflects it through the first slit. As the pro-

jectile moves it sweeps the front beam until the beam reaches the second

slit. After the projectile impacts the target, a shock is generated in the

target, and displaces th. rear surface of the target, causing the rear surface

laser bca.n to pass th:ough the third slit. Behind each slit is a photamultiplier

which detects the light and converts it to an electrical signal.

40



P*GJELIZJ

kLP,

410



Two notable features of this system are: first, the projectile may tilt

within planarity tolerances, which was set at ± 5 miliiiradians, and niot

introduce error in the time when the refocused spot passes the slits even if

the surface has a mirror finish. This is true because the spot of light on

the surface acts as a point light source such as a hot spot on the surface.

The effect is similar to that in a rotating mirror framing camera which

employs the Miller (reference 106) optics. The surface finish, therefore, is

only a factor in the quantity of light reaching the ph:tomultiplier. To minimize

the loss of light due to diffuse reflection,the lens on the photomultiplier side of

the system is a wide a -ture lens. A second feature is the fact that the

photomultipliers operate in a dark-to-light mode rather than in the light-to-

dark mode which exists in a beam interruption system. The advantage

stems from the fact that much more curient can be drawn from a photo-

multiplier exposed to a pulse of light than to a continuous light. Therefore,

one can use lower impedances when working with a light pulse than with a

dark pulse to obtain the same signal voltage. Lower impedances mean

faster rise times, therefore, higher frequency response.

Three dis-tance measurements are required to be known: first, the

distance the projectile travels when the reflected beam passes through slits

I and 2: second, the distance between the second projectile position and the

face of the target: and third, the thickness of the target.

The procedure foliowed in thi experiment is the iollowing. Before the

shot, the target is first positioned parallel to the face of a ,imulated pro-

jectile. The simulated projectile is then set back a known distanc from

the target face by a set off accurately machined spacers. This definas the

distance betwf.en the second projectile position and the impact plane. The

laser beam is then refiected off the simulated projectile face and the slit

plane adjusted so that the reflected beam passes through slit 2 (see figure

20). Then the rnicrometer-drivcn simulated projectiie is positioned until

the reflected beam passes through slit 1. A plot of the relati'e sift current
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'4 function of projectile position is shown in 1fiurt- I ". It can be s-' n

that the current ris, frcm i0 to 90 percent of full scaL- uccurs over ,

0. 003-inch displacement of the projectile. By caiibralin- the slits on thc

mid-point of the rise portion of the curve, distance can be measured casilx

to within a 0. 001 inch.

The final distance is obtained by accurately measuring the thickness of

of the target with a micrometer.

To accurately measure the velocities required, one must specify along

with the position measurements discussed above, the time of arrival of the

projectile at the known points in space along with the impact time and shock

time of arrival at the rear surface of the target. This is done in the folluiwingz

manner. When the projectile arrives at the position in space where it reflects

the laser beam through slit i, the photomultiplier responds by converting the

light pulse to an electrical signal which triggers both sweeps of a dual beam

scope. The output of PMl also is applied to the vertical deflection plates of

both traces, giving a pulse at the first known projectile position. As the

projectile moves toward the target, it reflects the laser beam, giving a

second pulse on the scope trace. The impact time is measured by reflecting

the flash of light generated on impact on to PMI1 through slit 3 (see figure 20),

giving a third ?pulsE on the scope.

The impact flash has been and is still being studied by others (references

10 and 11) in the field of hypervelocity impact. These studies were made to

detexmine the effects of various projectile and target parameters on the

mechanism and nature of the impact flash. Gehring (reference ii) has showed

that the flash occurs instantaneously on impact, and has a rise time which

varies depending on the materials under impact, but in all cases report-.d,

was less than a few tenths of a microsecond. Conversation with personnel

of the Geophysics Corporation of America reveals that the nature of the

impact flash is a fast rising (on the order of a t-mth of a microsecond) puise

of continuum (i. e. gray-body) radia'ion followed by the characteristic
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band andior line spectra of the materials u-der shock compression, Our

observations indicate that PMI does detect the initial continuum radiation,

evidenced 4y the rise time (about 50 nanoseconds) ind the iact that the flash

is detectable with and wvithout an interference filter. Another indication -.hz:

this flash does indeed represent the -.nstant of impact can be observed from

the data, which showed that the measured and predicted times of impact

generally agreed to within 1 percert.

The shock time of arrival is measured in the following way. Initially.

during slit calibration, the laser beam reflected off the back face of the

target is allowed to impinge directly adjacent to a slit in front of PM2

(see figure 20). When the shock reaches the rear surface of the target,

this spot is swept onto PMZ. giving the shock time. The output of PIAM and

PM2 are passed thr'-ugh a differential amplifier where they are mixed and

the difference applied to the bottom sweep of the scope. The polarity of a

signal identifies from which photomultiplier the signal originated.

Time resolution is obtained by superimposing on the top and bottom

sweeps, a 5 or 10 mc crystal controlled timing wave, and with the use of

an optical comparator, time measurements can be made to an accuracy of

about 5 to 10 nanoseconds.

An example of the oscilloscope record obtained is shown in figure 14.

This shot was for aluminum on solid Teflon (shot 107) at a velocity of

1. 88 km/sec. The distance the projectile traveled between the first two

pulses is 0. 118 inch and the distance the projectile travels from the second

pulse to impact is 0. 325 inch. The target thickness was 0. 252 inch. The

nature of the impact flash, that is its fast rise, which in this shot occurs

in less than 50 nanoseconds, is characteristic of all impacts observed.

including those on the porous materials.
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The last observation that must be made is that of the planarity of impact.

A pair of orihogonal Kerr Cell Shadowgraph stations were used to observe the

projectile in flight prior to impact to insure that the impact is planar. This

system will be described in detail in section IV. 3. Typical records which are

obtained are shown in figure 15. These pictures also allowed a determination

of whether blowby gas was present in the field.

3. Description of Equipment

The basic requirements for the apparatus are:

a. The impact between the target and projectile must be planar.

b. The space between the projectile and target must be evacuated

to eliminate air cushion effects between the projectile and target.

The enclosure which contains the vacuum must be rigid so that the

windows which transmit the light beams will not move and deflect

the beams when the enclosure is evacuated. Also, gas leakage past

the projectile during acceleration down the barrel must be eliminated.

c. The optical system must be mounted rigidly so that there is no

appreciable motion either between the components themselves or

between the optical system and the target.

d. There should be mechanical isolation between the gun components

and the instrumentation and test section to avoid any acoustical trans-

mission between the two.

The follo\-_vng discussion describea the equipment used for this e~xperiment

which satisfies the above requirements.

a. Test Section

The test section refers to the enclosure which houses the sample

under shock com-ressi,. To insure that the i-.pac:t between target

and projecile ia planar, t.IN target rnuss be positioned near the end
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of the launch tube so that impact takes place while the projectile is still

partially in !te launch tube. The launch tube acts as a constraint against

any motion other than one-dimensional and forces the impact to be planar.

Thus the position of the test section in relation to the gun is required to

be at the end of the launch tube. The test section was designed to be

adaptable to pr-.k 1 range sections, is extremely rigid in construction

to maintain precise alignment between the projectile and the target sam-

ple during evacuation, and contains the necessary pL..; to view the pro-

jectile with the orthogonl Kerr Cell Shadowgraph System and to make the

necessary velocity measurements with the laser-optical system.

Figure 16 is a cross-sectional print (normal to the optical place of

the shadowgraph stations) of the target tank, showing the sample,

sample holder, and projectile prior to impact. The tank is cylindrical

in shape and co structed of 7/8-inch-thick stainless steel. It contains

six stainless steel ports, fou- of which are spaced at 90-degree inter-

vals in the optical places to the shadowgraph cameras, and the other

two at an angle of * 60 degrees to the longitudinal axis of the cylinder

to enable the laser beam to enter and be reflected to the photomultipliers.

Figure I" shows a print ol the tank (view in the plane defined by the

incident and reflected laser beam) showing the sample, projectile and

laser ports, along with the incident and reflected laser beams.

To properly align the sample face to the incoming projectile in-

suring planarity, a stainless steel gage block was designed and fabricated.

The block is fitted to a flange which attaches to the face of the target

tank. The block has a carefully machined face which is of a length

comparable to the distance the projectile travels from the end of the

barrel to impact. The sample is held in a slotted brass cyiinder

ha-ving an inside diameter such that a friction fit exists between the

sample and sample holder. The slot is necessary to allow the laser beam

to reflect from the back face of the sample. Figure 18 is a photograph of
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the inside of the test section showing the target in position inside the

holder. Proper alignment of the sample to the gage block face is per-

formed by manual adjustment of the sample until complete contact is

made between the two faces. This is checked visually through the

shadowgraph ports. A spacer of known thickness is then set between

the gage block flange and the tank, setting the gage block back a known

distance from the target surface to the point where it is desired that

the reflected laser beam from the projectile passes through the second

slit to PMl. The laser beam then is reflected off the gage block, and

the slit plane is adjusted so that the reflected beam passes through

slit 2 (see figure 20). The gage block flange is replaced by a micro-

meter-driven simulated projectile which then measures the distance

the projectile will travel when the reflected beam laser from the pro-

jectile passes from slit I to slit 2.

The final part of the system which must be aligned is the launch

tube or gun barrel. This is done by carefully machining the outside

diamet4r of the barrel so that it is perfectly concentric to the axis of

the gum. An alignment collar is then slipped over the outside diameter

of the gun. This collar contains a flange which contacts the flange of

the test section. The gun and/or the test section is then adjusted until

both flanges are perfectly flush with each other over the entire areas

of each. This insures that the projectile wilL impact parallel to the

target sturkces since both the end of the gun and the target are paraUel

to a common reference, the front flange of the test section.

The test section add the instrumentation system are all rigidly

mounted to an I-beam to prevent any relative motion between the -com-

ponents of the instaumentation system or between the test section and

the instrumentation system. This assembly is shown in figure 19.

This I-beam is shock mounted on concrete piers in front of the gun

muzzle and the test section is slipped partially over the muzzle with a
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1/16 inch space between .he two. This space is filled with Apiezon "Q"

vacuum putty providing both a vacuum seal and acoustical isolation

between the gun and the cylinder.

In order to insure that tie sample is not affected by any air cushion

effects due to trapped air in front of the projectile prior to impact, the

test section was evacuated to a pressure of 10 to 20 microns of Hg prior

to each shot. A Welch Duo Seal two-stage mechanical pump was used to

evacuate the gun barrel and test section to this pressure, with a 5 mil

diaphragm separating the target tank from the back of the range. A CVC

Bourdon gage was used to monitor the pressure from atmosphere down

to 2 mm of Hg and a thermocouple vacuum gage monitored the pressure

down to the final level.

O-rings were used between the tank and transition section to the rear

of the range, and neoprene flat gaskets were used to seal the ports at the

windows.

b. Instrumentation

(1) Optical

A schematic of the optical instrumentation is presented in figui-e

20. The beam from a He-Ne gas laser is divided by a beam splitter

into two beams, one of which is focused on the face of the projectile

at a known point in space, and the other is focused on the center of

the target back face. A long focal length lens is used to focus the

beam, tc minimize defocusing at both projectile positions where the

velocity measurement is made. After reflection, the light reflected

from the projectile and target is refocused by means of a wide aperture

lens onto the slit planes in front of photomultipliers one and two

(PMI and PM2). The impact flash is reflected by a pickoff mirror

onto the slit plane (through slit 3) onto PMl. In order not to saturate

PM2 by the impact flash, a narrow band interfence filter was used

with a collimating lens in front of PM2.
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The photomultipliers used were RCA 4459 having 12 dvnode.s ai-d

an S-20 response. The windows used on all ports were 5/8 inch thick

lucite.

(2) Electronics

A block diagram of the electronics system associated with the

optics is shown in figure 21. The output of photomultiplier I is used

to trigger the electronics. This is fed to the external trigger of a

555 Tektronix Dual Beam Oscilliscope, Channel B of a dual channel

amplifier, and Channel A of a differential amplifier. The dual beam

scope was used because earlier in the program, three slit pulses were

used to measure the projectile velocity, and the third pulse was fed

to a different PM then the first two.

A trigger pulse from a built-in delay generator on the 555 Scope

is then fed at a preset delay after the initial trigger to a pulse ampli-

fier. The output of this latter unit is then fed to both shadowgraph

units and a pedestal pulser. The pedestal pulser was used as a

transient power supply for PM2. Initially this photomultiplier was to

be operated with a high resistance (1. 3 megohm) voltage divider and

with capacitors across the last few dynodes to allow large dynode

currents during the light pulse. This network was used on PMI and

is shown in figure 22. However, when the spot of light from the rear

surface of the target was focused at the slit plane, a small halo caused

by surface irregularities in the optics was observed around the focused

spot. When the spot was placed just adjacent to the slit, the halo

illuminated the slit and caused a certain amount of anode current.

Although this current produced an insignificant voltage signal across

the anode resistor, it was sufficient to drop the voltage across the

last few dynodes, thereby discharging the capacitors and rendering

the photomultiplier incapable of drawing large currents desired when

57



z
z

0

z

tlIv

00

tI
00

0000 N 2 00' c 3
@0 A) .- 4 %

0 00 o?,

0~ c0 0

0" - 0 , X~ T

0000, O O M-

< <
z

P-

0< z -



!!Jo
-43

~~10
00 a
-4f"

30 a V

-4 z-4

-4 Sm.

.4 Eq

-41a

0

0 r,3OEr

C, I

- 11

03



the light pulses arrive. This difficulty was resolved by ermploying

a pulsed mode of cperation whereby the voltage dividing resistor was

made a low value (950 ohms) and the high voltage was only switched

on a few microseconds before the pulses so that excessive current

would not injure the photomultiplier dynodes. This high voltage

"pedestal pulse" is generated by a tranmission-line pulse generator

using a hydrogen thyratron as a switch. A schematic of the circuit

and the voltage dividing network used on photomultiplier 2 are pre-

sented in figures 23 and 24.

Thus PM2 is 'turned on' prior to the arrival of the shock wave

at the rear face of the tarpet. The output of PM2 is fed to channel

B of the differential amplifier where it is mixed wiih channel A, and

the difference applied to the vei.-ica- defection plates of the bottor,

sweep on the scope. The vertical deflection plates cn the top sweep

receive the output of PM 1.

Superimposed on the film record of a shot is a sine ware of a

given frequency. which acts as the reference time systern for deter-

mination of the time between pulses. A Tektronix Tirre Mark Gen-

erator 180-SI, which is crystal controlled, was used to generate

both 5 or 10 megacycle sine waves on the film record. The frequency

tolerance on the 180-SI is 0. 001 percent and the stability 3 parts in

106. The unit was calibrated twice during the progran with a Hewlett

Packard Counter Model 524B, with the tolerance ratio between the two

units being 10 to I. The Hewlett Packard Counter is calibrated using

the standard frequencies generated by the National Bureau of Standards.

The orthogonal KerrCell SIadowgraph Stations are used to observe

,le projectile in flight prior to impact to insure that the impact is

planar. The Kerr Cell Shadowgraph system has been described in

the literature (references 12 and 13) and will only briefly be touched
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on here. Each system consists o1 a two-lens, collimated beam

arrangement w.:h the Kerr Cell placed at the focal length of the light

source. The I 1/4-inch-aperture Kerr Cell is pulsed by means of

a transmission line pulse generator. The resulting exposure charac-

teristic is a 50-nanosecond square wave. A triggered, series spark

gap is used to switch the high voltage transmission line. This gap

also acts as the light source insuring proper synchronization. The

output of the pulse amplifier provides the necessary trigger to the

spark gap circuitry. About 1-microsecond delay is experienced

between the photomultiplier pulse and the time the Kerr Cell is trig-

gered on. The separation distance between the projectile (at the first

reflection) and the sample is greater than the distance the projectile

travels in 1 microsecond for all velocities, insuring two orthogonal

photographs of the projectile just prior to impact. A photograph of the

overall instrumentation setup in place at the end of the range is shown

in figure 25. A closeup view of the light tight enclosure housing the

photomultiplier and slit assemblies is shown in figure 26.

4. Proje ctile Configurations

As mentioned previously, three requirements must be fulfilled in the design

of a projectile to be used in shock wave measurements using guns as tfhe accel-

erator. The first condition is that the thickness of the driver material be at

least equal to or greater than the minimum thickness required to insure that no

rarefaction wave eranating from the back face of the projectile reaches the

shock front in the target before the shock velocity measuremei:t is made.

This was analyzed in Section IV. 1. The second condition that must be fulfilled

is the prevention of !lblowbv gas" from getting ahead of the projectile during

the launch phase. The third onditicn which must be satisfied is that the pro-

jectile should be long enough so that the impact takes pla,: with par: of the

projectile still in the launch tube to insure a planar impact. This section will

present the designs which proved to be successful in aclieving planar impacts

and eliminating blowby gas.
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Early trials were made with composite cylindrical projectiles using an

aluminum cap over a plastic oase. These proved to be unsuccessful because

of gas leakage. Polyethylene and Teflon were used as the plastic material.

Placing rubber O-rings on the plastic portion of the projectile was satisfactory

in reducing gas leakage past the projectile for the 0.60-calibers and I-I/Z-

inch powder guns. Figures 27 and 28 are a photograph and schematic respec-

tively of the 1-1/2-inch projectile that was used with the 1-1/2-inch solid

propellant gun. The projectile contained 3 0-rings on the polyethelyne portion.

The shear face of the projectile contained a hemispherical grove, which allowed

the propelling gas to push out on the walls of the projectile, thus maintaining

a seal during the launch cycle. Polyethylene was used because of its low

density and plastic flow properties at high tempe.ratures.

The designs used on the 0. 060 caliber powder and light gas guns were

extensions of the design shown in figures 27 and 28. Figure 29 shows schema-

tics of the projectiles used on the 0. 060 caliber guns. Design 16A was used

with the 0. 060-caliber powder gun. The mass of this projectile was 1.1 grams.

Design 17A proved successful with the light gas gun up to a velocity of about

2.9 km/sec. The mass of this projectile was 15 grams. It should be noted

that O-rings on the aluminum portion of the projectile were required to prevent

b!owby with the light gas gun. Finally, design 19a shown in figure 29 is the

design that has been accelerated to 3. 3 km/sec; although the front of the pro-

jectile looked somewhat deformed, this arrangement apparantly seals adequate-

ly, but the solid alninun, portion- of the projectile should be increased in

thickness. At the time of writing, it was planned to increase the thickness

to 12 inch.

Some conclusions can be made concerning the design of projectiles to

prevent blowby gas. They are the following:
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Figure 29. S..,;ematiCS Of 0.060 Caliber Projectiles Used on Grueneisen Parameter Study
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a. For the solid propellant gun. composite projectiles using an alumi-

num cap on a poiyetbylene base did not preve-it blowly until O-rings were

placed on the polyethylene.

b. For the light gas gun, 0-rings were required on both the metallic

and nonmetallic portions of the projectile.

c. The number of O-rings required increased with the driving pressure

of the gas.

The prob-m of preventing blowby gas at velocities above 3. 0 km/sec is

one which will require some further development. Other materials, and

configurations were only given cursory investigation due to the need to quickly

obtain a design that worked. It should be emphasized that the above mentioned

designs that prevented blowby gas do not represent the only solution to this

problem but probably only one of several.

5. Method of Fabrication of Porous Materials

The primary feature of the determination of the bolid equation of state by

the method outlined in Section ]EI is the use of open-celled porous samples

along with the solid material as a means of obtaining a wide range of internal

energies of a material for a given impact velocity. A range of porosities

2. 20< m< I was chosen for Teflon, and 2. (<m<l was selected for aluminum.

This represented a reasonable variation of internal energy without changing

the discontinuous nature of the shock front. The task of fabricating open-celled

porous aluminum and Teflon was undertaken by Avco RAD and this section

will describe the process used to manufacture both materials.

a. Aluminum

The porous aluminum compacts were fabricated by cold-pressing and

zintering aluminum powder. The powder was obtained from the Belmont

Smelting and Refining Works, Inc., Brooklyn, New York. It was supplied

as 325 mesh pcwder, i.e., the largest particles were less than 44 microns
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in size. A quantitative chemical analysis of the powder was performed

at R-AD. The results, an average of four determinations, showed the

aluminum content to be 99. 6 perceiit with copper, iron, and manganese

as the major impurities.

Two levels of porosity were necessary for the ex)..erimental program.

They were 50 percent (volure) porosity, or a compaCL with a density of

1. 35 grm/cc, and 33 percent porosity, or a compact with a density of 1.80

gm/cc. Initial attempts to press the aluminum to these densities were

unsuccessful because the pressure necessary to cold-bond the aluninum

powder to a free-standing shape produced densities in excess of those

required for the program. To produce the necessary densities, chemical

grade napthalene powder was mixed with the aluminum powder. The

mixture was cold-pressed in hardened steel dies at 30, 000 psi. This

technique produced free standing shapes which were of the desired density

after the napthalene was removed. For the 50 percent porosity billets, a

mixture of 70 percent weight aluminum and 30 percent napthalene was used

and for the 33 pe.cent porosity billets 85 percent aluminum - 15 percent

napthalene was used. The napthalene was removed by heating the cold

pressed shapes from room temperature to 250°C over a period of 15 hours

in air. The resulting aluminum skeleton was free standing but q.-ite fragile.

The porous samples were sintered at 6000C for 15 hours in a vacuum of

5 x 10 - 5 to 5 x 10 mm Hg. This produced porous aluminum shapes

with reasonable strengths but no density change occurred during sintering.

T1his indicated that the aluminu-m sintered by a surface diffusion mechanism

as only surface diffusion will produce a -metallurgical bond without an

increase in density of the compact (reference 15). Sintering did not occur

in hydrogen, argon, or air indicating that the vacuum atmosphere is

necessary for this particular aluminum powder.
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b. Teflon

Dupont's Teflon 7 powder was used to fabricate all samples of fully

dense as well as porous Teflon, and all were made from the same lot,

17224. Typically, the average particle size of this powder is 35 microns

and the bulk derit), 250 grams per liter.

Ln the preparation of the samples, the powder was mixed with the

calculated weight of a finely-divided leachable salt and ballmilled for

65 hours to achieve the desired uniformity of dispersion. The powder

mixture was pressed at 3000 psi and then sintered at 72°F for at least

2 hours. The billet thus frmed was cut into slghtly oversized discs and

leached. The lower density material (0.9 gm/cc) required 11 continuous

days of leaching, while the higher density porc us Teflon required 19 days.

Periodically, the discs were iemoved and weighed to determine their

approach to the theoretical density. When the weight change had ceased,

the discs were all dried, radiographed, and tested ultrasonically. All

samples submitted showed no inclusions that could be detected by X-rays.

Also, there were no voids or gross areas of solid material that could be

detected ultrasonically. The 0.9 gm/cc specimens did not respond to the

ultrasonic test. The samples were finally machined to size and the exact

densities determined. A photograph of the target samples used with the

1-1/2 inch diameter solid propellant gun is shown in figure 30.

72



CCA

01

00



SIVCTTr)N V

RESULTS

I. Aluminum

The data obtained on aluminum at the porosities investigated, that is m =

1. 0, 1. 50, and 2. 02, are summarized in table II. Plots of the shock velocity

as a furAction of the impact velocity are shown in figures 31, 32, and 33. In

table II UfI represents the average projectile velocity measured over the

distance the projectile travels when reflecting the laser be.n fr6m- slit I to 2

(see figure 20), and U,2 represents the average projectile velocity between the

position where the laser beam reflects off the projectile through slit 2 until

the impact plane. The average of the two velocities Uf, which was used in all the

calculations, is also presented. The predicted and measured impact times

are presented in the next two columns. Shots 70 through 80 did not incorporate

the technique of measuring the time of impact. Finally, the shock velocity is

given in the last column. The shock velocities were determined in all cases

by using the measured time of impact.

The plot of the solid aluminum data shown in figure 31 shows reasonable

agreement with the data obtained on 24ST by Rice (reference 3) et al. There

is about 4 percent scatter in the data in the region of Uf = 2.20. Shots 70

through 80 were not plotted since the impact time for these data were not

measured but predicted, and the uncertainties in the shock velocities were

excessive in comparison to the rest of the data. In all but one case, the impact

velocity and shock velocities were determined to an accuracy of + 1 percent

or better.

For aU the solid aluminum cases, the pulse observed on the scope when the

shock wave displaced the rear surface, passing the rear face laser beam thro-igh

slit 4 onto PM2 was extremely fast rising, on the order of less than 50 nano-

seconds, and was symmetrical in shape, indicating uniform rear surface motion.
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From the shock pulse, one can get an indication of the nature of fhl- rear

surface motion. The overall conclusion concerning the :arget rear surface

motion for solid aluminum is that it occurs as an abrupt discontinuity and is

uniform in velocity, as near as one can determine from the nature of the shock

pulse.

Figure 32 shows the data obtained on porous aluminum (m = 1. 50) along

with a predicted curve calculated using 24ST aluminum as the driver plate and

Rice's deriveJHugoniot for the Z4ST. There is very good agreement between

the predicted curve and experimental data for this case.

The nature of the shock pulses observed fer Qiis material when the laser

beam was reflected directly off the back face was significantly different from

the solid aluminum. as one might expect. It became obvious early in the

program that in order to obtain sufficient reflected light off the back face of the

porous materials, it would be necessary to provide a better reflecting surface

than the open-celled porous back. Thus, a small piece of 1 -nil -thick brass

shim was bonded to the back face of the porous sample, and the laser beam

reflected off the brass. For the data at 2 l-n/sec and above, the shock pulse

has a fast rise time, comparable to the solid aluminum, and is also sy-mmetri-

cal in shape. The two shots at about 1.61 kmisec have different pulse shapes,

which does not allow any conclusion to be made. Shot 92 has a slow rise time

on the order of 0. 20 tsec and is reasonably symmetrical in shape, whereas

shot 89 has a faster rise time, on the order of 50 nanoseconds, but is weak

in amplitude not allowing a comment on its shape.

Thus for porous aluminum (in = 1. 50) at 2 kmisec and above, the rear

surface motion appears to begin in a abrupt discontinuous fashion, and is

reasonably uniform over the distance that the rcar surface moves in the time

the rear face beam sweeps the slit 4.

The data for aluminum of porosity m = 2. 02 are shown in figure 33. A

linear fit to the data is quite reasonable, wih the fit lying below the predicted

curve using 24ST aluminum.
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The c.arac..risic- . 'A L shock pulse b.... U, -served for the most porous

•la i4, U %, "4 - - - &AL I

is, extremely fast rise times and symmetri.cal in shape.

Thus the overall conclusions concerning the aluminum data at the three

porosities investigated over the range covered are the following:

a, The shock velocit; versus impact velocity data reasonably agrees

with the predicted curves using 24ST aluminum as the driver material.

b. The nature of the shock pulse observed, which is a qualitative indi-

cation of the rear surface motion over a very short distance, 0. 010 in.,

is quite similar in shape for all porosities, that is it has a fast rise time,

on the order of 50 nanoseconds, and is symrnmetrical. This suggests a

consistency, for all three porosities, in the mechanism which causes the

rear surface to move when the shock reaches it. The shock prose shape

observed indicates for all porosities that the rear surface goes from rest

to some velocity in an abrupt disco3ntinuous fashion, and that the rear

surface motion is uniform, at least over the short distanca that it can be

observed.

The next paragraph will discuss the results obtained on Teflon.

2. Teflon

The data obtained on Tefloii at the porosities investigated, that is m 1 1. 0,

1.42, arid 2.23, are summarized in table Ill. Plots of the shock velocity as

a function of impact relocity are shown in figures 34, 35, and 36.

The plot of the solid Teflon data looks consistent over of the range of

conditions covered. The data lie above the predicted curve obtained using

24ST aluminum as the driver plate. The predicted curves were calculated

by using the Teflon equation of state presented in reference 14.

The shock pulse observed for the solid Teflon was low in amplitude, when

the observation was made directly off the Teflon rear surface. One-mil brass
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shim stock was bonded to the Teflon, and the resultant shock pulses obsf rved

were considerably stronger in amplitude, indicating the rel ecti-, e properties

of the rear surface change after shock compression. The nature of the shock

pulses observed was similar to that experienced with aluminum, that is, fas,

rise times, on the order of 50 nanoseconds, and symmetrical in shape.

The data obtained on the porous Teflon (-n = 1. 42) are presented in figure

35. The trend is consistent, that is, increasing shock velocity with increasing

impact velocity, with about 8 percent scatter in the data at an impact velocity

of about 1.62 km/sec. The scatter in the data is due to trying to interpret

the shock time of arrival frorm the scope traces for the data at 1.6 km/sec.

The shape of the shock puices observed for shots 84, 86, and 88, were char-

acteristically slow on the rise portion of the puli-e (o-- the order of 0.4 ; sec

from the base line to peak), and extre1itely "'.st on the fall portion of the pulse

(on the order of 50 nanoseconds). This is indicative of non-uniform rear

surface motion, or the existence of a pressure gradient behind the first wave

reaching the back face of the target. The same shock pulse shape is evident

in shot 113, at an impact velocity of 2.0 km/sec. At an impact velocity of

2. 34 km/sec the shock pulse has a considerably faster rise time (on the order

of G. 15 psec) and is reasonably symmetrical in shape. At 2.87 km/sec, the

shock pulse is similar in nature to that observed with the solid Teflon. The

data lie above the predicted curve over the range of conditions covered. All

the data with the porous Teflon targets were obtained using I -mil brass foil

on the rear surface of the target.

The data. obtained on porous Teflon (m = 2.23) are shown in figure 36.

There is some scatter in the data if one considers a linear fit. It was intended

to repeat shot 116 to verify it towards the end of the program, but time did

not permit this.

The nature of the shock pulses observed on porous Teflon (m - 2. 23 was

similar to that discussed above for m = 1. 42. The data between u, = . 60 and
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2. 2 kzxri fc, 5howed characteristicaily slow rise times and last decay times

for the shock pulses t- served. The numbers for the rise and decay times are

similar in magnitude :, those obtained for m = 1,42 at impact velocities below

2. 0 km/sec. At hf = 2. 93 ku-/sec, the shcck pule has a rise time of about

0. 1 y sec. Nothing can be concluded about the symmetry of the shock pulse

for this case, because almost immediately flolcwing th- peak of the pulse,

a slow rising, continuous pulse appears, indicative of a large. ,urst olf radiation

emanating from a point which was originally at the target relr face, bu.t at

the time of the observation is somewhere within the shock-compressed material.

This could be indicative of the large internal energies created in the porous

samples, since this effect was not observed with the solid Teflon.

The data on Teflon can be summarized as follows:

a. The shock velocity versus impact velocity plots show that the data

in general lie above those predicted using 24ST aluminum, i. e., for a

given impact velocity, the measured shock velocity was greater than the

predicted. This is probably due to uncertainties in the Teflon Hugoniot

rather than the 24ST aluminum.

b. The shock pulses observed for solid Teflon were quite similar in

nature to those observed for aluminum, that is, fast rise times on the

order of 50 nanoseconds, and symmetrical in shape, saggesting that the

motion of the rear surface goes from rest to some value in a discontinuous

fashion and is unifornn over the slit distance.

c. The shock pulses observed for porous Teflozi varied with impact

velocity and porosity. For m = 1.42, and for impact velocities up to

U; = 2. 0 km/sec, the shock pulse was as- -nmetrical in shape, with slow

rise times, on the order of 0.4 psec, and fast decay times. on the order

or 50 nanoseconds. This is indicative of nonuniform rear surface motion,

or the existence of a pressure gradient behind the first wave reaching the

back face of the target. For m = 1.42, at an impact velocity of 2.87
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kmisec, the shock pulse looks similar in nature to that observed \%ith

solid Teflon. For m = 2.23, characteristic slow rise, fast decay shocR

pulses were observed up to an impact velocity of 2.23 km/sec. At U'f=

2.93 kmn/sec, the shock pulse has a rise time of 0. 1 p sec, which is ap-

proaching that observed for compression of solid Teflon at all impact

velocities.

The next section will present an analysis of the results.
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SECTION VI

ANALYSIS OF RESULTS

1. Shock Velocity Versus Projectile Velocity

The basic measurem,'nts made for each data point were the projectile

velocity and the shock velocity in the impacted target. In figures 37 and 38,

plots are presented of the shock velocity versus projectile velocity for aluminum

and Teflon respectively for each initial density used. It is seen that within

the range and scatter of the data, the data are linear for each material and

each initial density. For each set of data, a linear equation has been fit to

the data by the method of least squares and the equations are tabulated in

table IV. The lines in these figures represent these equations.

The accuracy of the curve fits is limited by the short range of projectile

velocities covered and small number of data points for each material and'

initial density. Thus, if a larger range of projectile velocities had been covered,

it is doubtful if the data would have been linear. Also, with the small number

of data points for each material and initial density, an error in one data point

has a large effect on the least squares curve fit even though the data points

were weighted in the least squares fit by the inverse square of their estimated

experimental uncertainty. As an example, the m = 2. 23 curve for Teflon is

strongly dependent on the data point for shot 158.

2. Pressure -- Volume Relationships

The equations of Section II were used with the data to calculate the pres-

sure, P, volume, v, and internal energy, E, in the shock compressed material

using the measured projectile and shock velucities comprising each data point.

in these calculations, the aluminum Hugoniot for the projectile was based on

measurements at Avco RAD using solid 1100 aluminum as both projectile and

target. The solid aluminum Hugoniot was derived from the linear curve-fit

of figure 38 and tabie PV:
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Table IV

LINEAR EQUATIONS GIVING SHOC!-: VELOCITY AS
FUNC TON OF PROJECTILE X 1ILOCi TY

Aiurninuni

m = 1.0

ui (5.144 0.093) 10.'764 -0.041) f 'k n.. :se c

m =1.50

ukt = (0-368 -0.080) (1.682 __0-041) Uf ~~ e

in = 2.02

uk = (0.476 MID.0) 1.314 __0.006) Uf kml 1 cC

Teflon

m = 10

=i (1-95 -_ .11) (1-019 -0.054) Lf Krnlsec

1.42

=i (1.82 0.11) (G.829 _0-045) Cf km "sec

2.-33

-i (0.36-7 0061) (1-125 0.029) Uf k mi s ec
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u = a tbUf (45)

Assuming this linear relationship, it can be shown that the form of the cquatiorj

for the Hugoniot is:

P =p~a2  I1)(46)

(1 + (10 2b);i1j2

With the constants given in table IV, the 11ugoniot for solid aluminum is thus

given as:

PHA ("121+ 26) - JA + P) - kilobars (7
H, Al [ 1 (0. 5 28+O.083) p]

This equation was used as the projectile I-ugoniot for the data reduction. The

calculational procedure for calculating P, Y, p, and Efor each data point is

summar-ized in Section III. The calculated values for aluminum and Teflon

are- summarized in tables V ai-,d VI, respectively.

In figure 39, the pressure - volumne relationship for itluminum is presente6

using data generated by both Avcc RAD and SRT (reference 17). Also presented

for corriparison are the zero degree iaotlierm and the H-ugoniot for solid -alum-

inum reported by Altahuler (zefcrence 18), ::t al. With refer-ence to the solid

state Hugoniot, the data obtained PAL Avco RAD on 1 100 alumninum are presented

with the ditted line through the points representing equat-on (147). it is seen

that 'die agreemnent with the Soviet H-agoniot given by the solid lin'e tr both ends

of the Aveo RAD data is excellent.

For the porous measurements, data for mn 2. 0 are ava-ilaole

from both Avco P.AD and SRI, the Avco PRAD data being at Ic pressure z -d 11-.e

SRI data being at high pressure. It is seen that the data from both sou.-,&.-s

are consistent and can be repre,'ented by the samne smooth curve ;i. both ca-ses.

The data for mn = 1. '70 from SRI are also plotted and are seen to be consistent

with the data for rni = 1. 40 - 1. 50 and mn = 2. 0. It should also be noted that for

m = 2. 0, the (urve is verv close to a vertica~l line at V = V,,, indicating tha'.

'1 2. 0 ('e section 111. 1) so that the Grueneisen for aluminum is approximately

2. 0.
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In figu~re 40, the pressure -volume data for Teflon obtained at Avro RAI)

are presented and compared with available data from other sources. for the

solid Hugoniot, th--e Avco RAD data are at higher pressure than previously

available and cover the pressure range from 68 to 198 kilob~trs. Presented

also are dynamic data in the lower pressure -e-gions by Fowles and Curran

(reference 19) and by Wagner (reference 20), et al. ; for comparison, the

static is--outermal measurements of Bridgman (reference 21) are also presented.

It is s-eern that the lower pressure data agree well with the Avco RAD data and

the entire set of data are well represented by a smooth curve such as the solid

',line drawn through the data.

The data for porous- Teflon ha-.e a relatively large scatter. For m = 1 2

the dotted line has been drawn through the data as a reasonable representation

of the data. However, additional data points are required before the Hugoniot

for m = 1. 42 can be reliably established. For the mn = 2. 23 data, the five data

points available show a very large scatter and no trend of the data ie. apparent.

The large scatter is believed to result fromn the Sensitivitv of the calculated

specific vol-ame to small errors in the measured projectile and shock" velocities

at this porosity. Additional data, particularlyT at higher pressures, are requireci

for this porosity before any meaningful data analysis can be made.

3. Evaluaticn of Grueneisen. Parameter

As discussed in Section Mn.i, the Grueneisern parameter is def"Ined as:

3P \ (48)

Asslixning the parameter is -independent o; Interaial energy at a given vol-urie,

this relation can be written in terms of 1he Hugoniot equation of state ior porous

and solid m~aterials as:

P P S (49)
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whcre the subscript p refers to the porous ,.aterial and the subscript s to the

solid material. The internal energy along the Hugoniot for the porous and

solid samples can be written respectively as:

I
E = - P (mVo _V) (50a)

p 2?

I

ES = -- PS (V -V) (50b)2

The above expression can be converted to the form:

r 2 (51)

wo p - PS -1
V Pp - Ps

Using this relation and the curves from the plots of figures 39 and 40, the

Grueneisen -arameter has been calculated for aluminum and Teflon. In

figure 41, the results of the parameter computations for aluminum are present-

ed as a plot of Grueneisen parameter versus specific volume. It is seen that a different

curve for each porosity is obtained and that the Grueneisen parameter for each

porosity is dependent on volume. This indicates that the Grueneisen para-

meter for aluminum is not independent of internal energy as is frequently

assumed. Presented in figure 41 also is the Grueneisen parameter reported

by Rice (reference 3), et al, and based on application of the Dugdale-MacDonald

relation to their Hugoniot data on solid 24ST aluminum. Presented also for

comparison are two data points for porous aluminum measured at the Lawrence

Radiation Laboratory and reported in reference 7.

In figure 42, a plot is presented of the experimentally determined internal

energies for aluminum using both Avco RAD's data and SRI's data. The

behavior of the internal energy is consistent with the expected bebaviur. Pre-

sented also is the zero degree (0WK) isotherm based on Altshu]er (reference 18)

and McCloskey (reference 23). It sho-d be noted that the experimental internal

energy difference between O°K and 3000K at I atrm pressure should be added
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to the data ,points if they are ?k, be cc:nsis ,e.t w ith the OYK - ,th.. r;. :h ; .

have the same reference state. McClcskev (refercnce 2 l has rt:ur.i "h-

internal energy difference tc be 16ib jou1sigrazn.

Krupnikzv (reference 1) in analyzing data for porous tungsten fou:nd at i-.h

was a function of ont- ,~th and could be reoresented by the foll-,v-ing

equation:

Et.5  a (VP,) , b (VPth) 2

Using this relation, th-3 Grueneisen. paraneter could thrn b deriaved as

follows:

0dEth ]

=Oth a, 2bV 2 ~  '

P 1. = - th (54)

T hust

a + 2 h V Pthl

Since VPth is a function of Eth only, this relation implies that F is a function

only Of Eth.

This procedare was followed in the present case using the alurninum aata

plotted at porosities of m=l. 50, 1. 70 and 2. 02 in figures 39 and 42. The

calculation wa -,de as follows:

a. A vaiue of v was assumed.

b. From figure 39, the oressure, P , on the Hugoniot for the jorous

material and the pressure, P , on the zero degree isotherm were read.
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c. From figure 43, !he internal enrories, E and F ,correspondino to

P and Pwert; read on the corresponding porous and zero isotherm curses-

respectively. This determined E,- = E - FO

The results of the calculation for the three porosities for aluminum atre

given in figure 43, which is a plot of Eth versus IT, It is apparent that

the calculated points can be well- represented by one smooth curve as shown,

ir, agreement with the results of Krupnikova for tungsten. The solid curve

plotted is represented by te folloving equation:

Eth =39.9 (VPh) 40.142 (VPb) 2  (6

where E~ is in 'ouies/aram and VP1 in (cm.3 kilobars)igm. The relation-

ship~ for the Grueneisen parameter is thus I with a corversion factor of lcy3

kilobar =100 Joules)

r -100 (5 7
3990 .24 (vPth)

uith units on vp .has above. in figure 44. a plot is given of the Grueneisen

parameter as a function ofEd

Recent data obtained by SRI (ref 17) at a porosity of rrrl1. 40 did not aeree

wihthe correlation presented, and this suggests the need for additional work

on alurun. An indication of the discrepancy between the correlation and the

data obtained by SRI can be observed in figure 39. -where for a porosity !af

m=l. 40, a calculated Hue-niot is presented alone with a curve throu~tx the

experimental pooints. The method of calculation was the follouine:

a. From figure -43, choose a point E. *Vp on the cur-ve.

b. Assurme a value of V

C. Promn figure 39, determine P., fromn the zero degree isotherm..

d. From alieure 42. determir~ne E.
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e. Knowing :th an 3 I - can b determined, Ince I , F

th 0

This value of Ei must be reduced by, 166 juulcs/gm tc, cun't rt to the

same relerence state.

f. The assumption is made, and this can be vc,-rificd by inspecting

figures 39, 42, and 43 that over the range of specific volumes oi interest,

0. 30 < V < 0. 367, the totai internal energy is rl,-tj\ ci o insensitive to

changes in volume, and one can use as a good approximation, the exper-

imental curve of E versus P for m = 1. 40 in fi;.1re 42, as a basis for

determining the calculated P .

g. Determine P from p and Pc, since Pn= -

h. Determine VPh and compare it with the value chosen originally

i. If the obtained va.lue of VPth disagrees with that chosen, repeat the

iteration until agreement is obtained.

For Teflon, a detailed analysis such as that presented above for aluminum

is not feasible due to the limited quantity of data avai.able as -well as the large

scatter of the data for porous Teflon. Using the dotted curve of figure 40 and

equation (51), an effective Grueneisen parameter was calculated and is pre-

sented ir figure 45. The accuracy of figure 45 is highly questionable, however.

until more data are obtained.
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CONCLUSIO.S AND RECOMNIENDA-1ONS

i. The experimental technique developed at Avco RAD using the laser bea.ir

and photomultiplier. works satisfactorily for Hugoniot measurements. The

T owder and light gas guns have been used in the pre t work to accelera!te

projectiles to velocities in the rano of I to 3. 5 km/se, and have the potential

for velocities up to 6 km/sec. Development work on tht. gas-leakage uroblen

is required for the higher velocities however.

2. The use of Hugoniot measurements on porous as well as solid samples of

a material is an excellent technique of experimentally varying the inte nal

energy in shock-compressed materials for equation of state measurements.

3. The data obtained by Avco RAD and SRI on aluminum is consistent and

meshes well togeter. For porosities of m = 1. 5, 1. 7 and 2. 02, the Grueneisen

parameter is dependent only on the thermal component of the internal energy

within the accuracy of the data. A discrepancy exists between this correlation

and some recent data obtained by SRI at a porosity of m = 1. 40. It is thus re-

commended that additional data be taken at this porosity to verify whether the

correlation holds.

4. Additional data on Teflon as well as other polymeric materials should be

emphasized in future work since much less is known about these materials

than for most metals and they are of prime interest in weapon studies.
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